Abstract During the annual cycle, oysters are exposed to seasonal slow changes in temperature, but during emersion at low tide on sunny summer days, their internal temperature may rise rapidly, resulting in acute heat stress. We experimentally exposed oysters to a 1-h acute thermal stress and investigated the transcriptional expression level of some genes involved in cell stress defence mechanisms, including chaperone proteins (heat shock proteins Hsp70, Hsp72 and Hsp90 (HSP)), regulation of oxidative stress (Cu-Zn superoxide dismutase, metallothionein (MT)), cell detoxification (glutathione S-transferase sigma, cytochrome P450 and multidrug resistance (MDR1)) and regulation of the cell cycle (p53). Gene mRNA levels were quantified by reverse transcription-quantitative polymerase chain reaction and expressed as their ratio to actin mRNA, used as a reference. Of the nine genes studied, HSP, MT and MDR1 mRNA levels increased in response to thermal stress. We compared the responses of oysters exposed to acute heat shock in summer and winter and observed differences in terms of magnitude and kinetics. A larger increase was observed in September, with recovery within 48 h, whereas in March, the increase was smaller and lasted more than 2 days. The results were also compared with data obtained from the natural environment. Though the functional molecule is the protein and information at the mRNA level only has limitations, the potential use of mRNAs coding for cell stress defence proteins as early sensitive biomarkers is discussed.
Introduction
As a marine poikilotherm bivalve, the oyster is exposed to large changes in body temperature. One reason is the annual seasonal cycle which results in differences of more than 10°C between the lowest and highest seawater temperatures along the French coasts. Seasonal cyclic changes are slow, and they are well known to influence oyster physiology (reproduction, growth) . But seawater temperature is not the only parameter changing during the seasonal cycle, and the relationship between the temperature and oyster physiology is complex. Because they live attached to rocks on the foreshore or in pouches when being raised in oyster farms, oysters are subjected to tidal emersion/immersion cycles. During emersion, their internal temperature reaches that of the atmosphere, which may (Hamdoun et al. 2003) . This study showed that, at low tide on sunny summer days, midday sunlight raises oyster body temperature to about 35°C, resulting in acute thermal stress.
Molecular cell stress markers are used to an increasing extent in ecotoxicology, with the aim of detecting the effects of the presence of contaminants in the environment. However, their use is hindered by several difficulties: they may show a basal expression level in non-contaminated conditions, and this level may be not constant; an increased level of molecular markers does not necessarily indicate a physiological degradation; they are generally not specific because all types of environmental stress induce complex patterns of cellular damage, some of which are similar to each other. Cells react by up-regulating categories of defence functions including detoxification of xenobiotics, oxidative stress regulation, management of denatured molecules by chaperone proteins, DNA damage repair machinery and, if DNA repair fails, regulation of the cell cycle. Despite these difficulties, it is clear that significant increases in molecular marker levels indicate that cells react to a stimulus (internal or external) and, interpreted with caution, may be considered as very early and sensitive indicators of stressing conditions.
A prerequisite to using molecular cell stress markers in the study of oyster response to stress is to determine their natural range of expression levels, including inter-individual variability as well as possible seasonal changes. The transcription of several cell stress marker genes was previously monitored in oyster during the annual cycle (Farcy et al. 2007 ). This study showed that the mRNA levels exhibited a seasonal pattern with maximal observed values generally coinciding with lowest seawater temperature during winter and, for some genes, a secondary peak during summer. The minimal values were generally observed in September. On the basis of this large preliminary dataset acquired under environmental conditions, these genes can be used as molecular parameters to test the response of oysters to various experimental conditions. However, the seasonal pattern of the baseline expression of these genes raises the question of whether their capacity to respond to stress is the same in winter and in summer. In this study, we exposed Pacific oysters (Crassostrea gigas) to acute thermal stress in these two extreme periods of the annual cycle. In the natural environment, at low tide on sunny summer days, oyster body temperature may rise to more than 35°C for an hour or so (Hamdoun et al. 2003) . In view of this result, Pacific oysters were exposed to a heat stress of 1 h at 37°C. This acute and intense non-lethal stress was also designed as a positive control to determine how these cell stress marker genes might respond to experimental stress conditions. In order to examine different mechanisms of cell stress defence and based on available DNA sequence information for C. gigas, the expression levels of the following genes were monitored by mRNA quantification: heat shock chaperone proteins (HSP); superoxide dismutase (SOD) and metallothionein (MT), which are both involved in the regulation of oxidative stress (although MT proteins are better known for their role in metal metabolism); glutathione S-transferase (GST), cytochrome P450 and multidrug resistance (MDR), which take part in cell detoxification of organic compounds; and p53, a member of the cell cycle regulation machinery.
Materials and methods

Animals and protocol
The experiments were performed at the two extreme periods of the seasonal cycle, in September 2005 and in March 2006. In the English Channel, minimal and maximal seawater temperatures are observed in March and September, respectively (see Farcy et al. 2007 for a detailed seawater temperature monitoring profile). Oysters were obtained from a local oyster farm (Normandy, France); all oysters used were diploid, 3-4 years old and had spent their entire growing life at the farm. They ranged from 66 to 85 g in total weight (including intervalval fluid). Oysters were shucked, the shell was discarded and all oyster soft tissues were kept, including attached mantle, visceral mass, gills and attached adductor muscle.
In order to match laboratory control values with environmental data in March and in September, a first batch was processed on the spot on removal from the natural medium. The gills of 20 oysters and the whole soft tissues of another 20 oysters were dissected and immediately frozen in liquid nitrogen.
A second batch was acclimated to laboratory condition for 1 week in 120-l tanks (≤36 oysters per tank) in fully aerated seawater at the same temperature as in the environment: 7°C in March and 18°C in September. Seawater was changed every day for 3 days, then every other day up to the end of the experiment. Along the French coast of the English Channel, low tide lasts about 6.5 h, and oyster tables are placed in the medium level of the intertidal zone so they are only partly emerged, depending on the tide coefficient. Oysters may be exposed to more than 1 h of heat shock, but we applied a 1-h stress on the basis of the study by Hamdoun et al. (2003) in order to ensure nonlethal conditions. After the laboratory acclimation time, the oysters to be stressed were transferred to another 120-l tank containing seawater at 37°C for 1 h and then returned to the acclimation tank. Unstressed control oysters were kept in the acclimation tank. We observed that the oysters stayed closed during immersion at 37°C, and no mortality occurred up to 3 days after the heat shock. Control and heat-stressed oysters were dissected at 0, 3, 8, 24 or 48 h after the end of the heat shock. For each measurement, the gills and the remaining soft tissues of the oysters were dissected and immediately frozen in liquid nitrogen.
All frozen tissues were crushed in a ball crusher (Verder MM301) in buckets cooled by liquid nitrogen. The tissues from the 40 oysters from the natural medium were pooled to give eight samples each including tissue from five individuals (four pools of five gills and four pools of five whole tissues), while the tissues from the oysters exposed to thermal stress in the laboratory and their controls were processed individually (six oysters at each time point).
RNA extraction and cDNA synthesis Total RNA was extracted with TRI Reagent (SigmaAldrich) according to the manufacturer's instructions. The amount and quality of RNA were estimated by measuring absorbance at 260 and 280 nm in a UV spectrophotometer. Total RNA was then digested with DNase I (Amplification Grade, Sigma-Aldrich) to remove genomic DNA, and an aliquot of DNase-treated RNA was then tested by polymerase chain reaction (PCR) with actin primers to check the absence of genomic DNA. DNase-treated total RNA (500 ng) was then reverse-transcribed using 500 ng random primers (Promega), 200 U Moloney murine leukaemia virus reverse transcriptase (Promega), 12.5 μmol RNase-free dNTP and 25 U recombinant RNasin (Promega).
Gene-specific mRNA quantification
The sequences of the forward and reverse primers used in real-time PCR were designed with the aid of Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/pri mer3_www.cgi) and synthesized by Eurogentec. All sequences were specific for Crassostrea gigas, and GenBank accession numbers are given in Table 1 . The primers were designed to have the following characteristics: primer length from 18 to 20 bp, Tm from 59°C to 61°C and GC% from 40% to 60%. The sequences of the primers are given in Table 1 with the length of each expected amplicon. The efficiency of each pair of primers was tested using the standard curve method. For this purpose, a range of dilutions of the total amount of starting RNA (reversetranscribed) was prepared, and the cycle threshold was plotted as a function of the log of starting RNA concentration. Primer pairs showing a good efficiency level (100± 5%) over a four orders of magnitude range were kept for quantification. Real-time PCR was performed in a MyiQ™ Cycler (Biorad). Amplification was carried out on 96-well plates, in a total reaction volume of 15 μl containing 7.5 μl of 2X iQ SYBR® Green supermix (Biorad), each primer (500 nM final) and cDNA samples obtained from reverse transcription of 5 ng of DNase-treated total RNA (except for the quantification of 18S RNA, where 1,000-fold diluted cDNA samples were used). Amplification conditions were 40 cycles of 15 s at 95°C and 45 s at 60°C, followed by the protocol for the melting curve consisting of 80 cycles of 10 s with an increase of 0.5°C between each cycle from 55°C to 95°C. The specificity of the reaction was confirmed by observing a single peak at the expected Tm on the melting curve analysis and by sequencing the PCR product once. All determinations were carried out in duplicate. Controls without template cDNA were included on PCR plates. Gene-specific mRNA quantification was performed by normalizing data to the amount of mRNA encoding for actin, a cytoskeleton protein taken as a housekeeping gene (Farcy et al. 2007 ). For each analysed specific DNA, realtime PCR provides a cycle threshold (Ct) value where the fluorescence signal is detectable above the background. This Ct value is reproducibly and accurately dependent on the starting amount of cDNA. An actin Ct value in the range [18.5-20 .1] was used to confirm that the starting amount of cDNA was reproducible in all PCR quantifications. Quantification of specific stress gene mRNA (reverse-transcribed to cDNA) was performed using the Delta Cycle threshold method: gene of interest normalized mRNA level ¼ 2 ½Ct actin ÀCt geneofinterest . This calculates the amount of mRNA of interest as its ratio to the amount of actin mRNA, so it has no unit. We also tested glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA and 18S rRNA as reference RNAs. GAPDH is another commonly used reference mRNA, while 18S rRNA accounts for total RNA. The reported data are mean and standard deviation values from four pools of five oysters and six individual oysters for field and laboratory experiments, respectively. Statistical analysis was carried out using Statgraphics Centurion XV (Statpoint, Inc.) software. The hypothesis of normality was tested and accepted by a Shapiro Wilk's W test. The hypothesis of homogeneity of variances was accepted using a Bartlett test. Heat-shocked and control oysters were compared using a t test (n=6), and the significance of the difference was given as *p<0.05 or **p<0.01.
Results
The expression levels of nine genes (hsp70, hsp72, hsp90, Cu-Zn SOD, MT, GST sigma, CYP2E1, MDR1 and p53) potentially involved in cell stress defence were calculated as the ratio of the amount of their mRNA to that of actin, used as a reference mRNA. The two other commonly used reference RNAs were also analysed in parallel. As an illustrative example, Fig. 1 shows the results obtained with actin mRNA, GAPDH mRNA and 18S rRNA as references for hsp70 mRNA levels in gills, measured in the September 2005 experiment. A similar pattern was observed with all three reference RNAs. This was confirmed for other studied genes, in the homogenates of the other soft tissues and in March 2006 (data not shown). All subsequent results presented below are expressed as normalized to actin mRNA.
Data for gills as a function of time after exposure to 1 h at 37°C in March and in September are presented in Figs. 2 and 3. No significant change was observed in response to acute thermal stress for genes encoding Cu-Zn SOD, GST sigma, CYP2E1 or p53 (data not presented). Data obtained from the homogenates of the remaining soft tissues were found to parallel those from gills (data not shown). The expression patterns of five out of the nine studied genes in Hsp70 mRNA levels in gills of oysters exposed to 1-h heat stress at 37°C in September (mean and standard deviation, n=6) the gills of oysters exposed to thermal stress in September (left) or in March (right) were clearly different in terms of magnitude and kinetics. A higher increase was observed in summer oysters with recovery within 2 days after the heat stress. The increase in winter oysters was lower by an order of magnitude and lasted at least 2 days. In winter oysters, the increase in MDR1 expression level in response to thermal stress was not significant, whereas it was in summer. Data were obtained from the natural environment in order to determine the range of variation between the coldest and warmest seawater seasons. It was also crucial to check whether maintaining the oysters in the laboratory resulted in any additional stress that could interfere with the artificial heat shock. For this purpose, we needed to estimate average levels, but we expected quite high variability (as is usually observed when dealing with shellfish from the natural medium), so we needed a high number of replicates. Pooling five individuals per sample allowed average levels to be obtained from 20 oysters with only four measurements. This procedure reduces the magnitude of the apparent variability and precludes any statistical comparison test between datasets from pools and individuals. In order to compare data from oysters collected in the environment and oysters acclimated to laboratory conditions, the ranges of expression levels of genes in the gills are summarized in Table 2 . For the two periods (March and September), three columns are presented: the min-max range of environment values; the min-max range of laboratory control values; and the mean peak values in gills of oysters exposed to heat stress, with the ratio between the heat stress peak value and the control value in parentheses. It must be emphasized that values from the environment correspond to pools of five oysters, while values from the laboratory correspond to individual oysters. However, the comparison of min-max ranges from the natural medium and from laboratory control conditions did not give any reason to suspect additional stress resulting For the two periods (March and September), three columns are presented: the min-max range of environment values; the min-max range of laboratory control values; the mean peak values in gills of oysters exposed to heat stress, with the ratio between the heat stress peak value and the control value in parentheses n.s. no significant difference from the laboratory itself. Conversely, a very large increase was observed in response to heat shock in the laboratory (except for MDR1 in March), and the observed stress values were very clearly outside the ranges of the data from the natural medium.
Discussion
In the oyster, gills are not only involved in gas and ion exchanges but also constitute the filtering organ which collects suspended matter for feeding. As a primarily exposed organ, it is an early sensor of chemical environmental changes, and thus, it was assumed to be also sensitive to thermal stress. It is easy to isolate the gills from the visceral mass. Moreover, the data obtained from gills and from the remaining soft parts were similar, confirming that gills may be a convenient target to study gene expression in response to environmental stress in the oyster. Before using biomarkers for environmental monitoring or for laboratory experiments, it is crucial to control or at least be aware of their natural and/or seasonal variability. The comparison of molecular cell stress markers measured in laboratory conditions and in the natural environment provided crucial information for the interpretation of the response to thermal stress. Firstly, the levels observed in laboratory control conditions were similar to those observed at the oyster farm, indicating that acclimation of the animals did not induce any additional stress due to handling in the laboratory. Secondly, the ranges of variation in field data, which were documented in greater detail in our previous study regarding seasonal expression patterns (Farcy et al. 2007) , provided a valuable basis for assessing the significance of observed changes in response to experimental exposure to stress. In the present work, heat stress values were clearly outside the ranges of control environmental and laboratory values.
The present study was intended to monitor the expression levels of genes encoding components of cell stress defence mechanisms in oysters exposed to thermal stress. We wanted to screen the main categories of cellular functions involved in stress response using a limited number of genes. The genes addressed in the present work are involved in detoxification of organic compounds, oxidative stress regulation, management of denatured molecules by chaperone proteins and regulation of the cell cycle. Most data available in the literature regarding molecular markers in molluscs were obtained at the protein level. Here we investigated potential markers at the transcriptional level with the aim of detecting early sensitive changes. Five out of the nine tested genes were found to be clearly up-regulated in response to acute thermal stress; they belonged to different categories of cellular stress defence functions.
For some 40 years, it has been known that exposure of organisms or cells to elevated temperature induces the synthesis of very well-conserved proteins called heat shock proteins. These chaperone proteins guide renaturation of misfolded or partly denatured proteins resulting from thermal stress (see Feder and Hofmann 1999 and Kregel 2002 for reviews).
We focused on transcriptional gene expression measurements for several reasons. A response of heat shock proteins to thermal stress has already been demonstrated in the oyster (Shamseldin et al. 1997; Clegg et al. 1998; Hamdoun et al. 2003) . Analysis by semi-quantitative methods at the mRNA level by Northern blot or at the protein level by Western blot clearly demonstrated complex regulation. Furthermore, more recent evidence showed that HSPs are involved in the cell response to most environmental and physiological stressors (reviewed by Wegele et al. 2004 ). This includes studies in molluscs (CruzRodriguez et al. 2000; Snyder et al. 2001; Boutet et al. 2003; Piano et al. 2004) . Here again, semi-quantitative methods were used to obtain evidence for an increase in various stressing conditions. In order to better understand the responses of the multiple HSP family members to cell stress, it is useful to analyse these markers with the most specific and accurate quantification methods available. Transcriptional gene expression analysis by qPCR meets these requirements, since it can discriminate isoforms on the basis of cDNA sequences and provide reproducible and accurate quantitative information. However, it is clear that the functional molecule is the protein, and information at the mRNA level only has limitations.
In our study, genes from the HSP family showed the strongest response, with mRNA level changes by up to 40-fold in oysters exposed to acute heat stress. Gene expression of the HSP class of proteins involves a very well-conserved sequence, the heat shock element (HSE), as a promoter. Induction of the gene starts with the binding of a cytoplasmic protein, heat shock factor (HSF), to the HSE. Mainly present as inactive cytosolic monomers in the absence of stress, HSF forms multimers in response to cytotoxic agents or heat shock, migrates to the nucleus and binds to the HSE (see Morimoto et al. 1992 for a review). It is noteworthy that HSF can also directly or indirectly activate the promoters of MT genes (Sorger 1991; Silar et al. 1991) as well as the MDR1 gene (Chin et al. 1990; Tchénio et al. 2006) . HSP induction observed in our experiment is likely to be related to protein denaturation by heat, but it may also result from oxidative stress generated by the substantial temperature elevation.
An increase in MT protein following heat stress was previously reported by Piano et al. (2004) in the European flat oyster exposed for 1 h at 35°C. In the absence of metal contamination, our observations, at the transcriptional level, seem to confirm the possible interaction of HSF with the antioxidant responsive elements and the metal responsive elements in the promoter region of MT genes, as suggested by Dalton et al. (1996) .
An increase in the activity of p-glycoprotein, a product of the MDR gene, in mussels exposed to thermal stress was reported by several authors (Eufemia and Epel 2000; Luedeking and Koehler 2004; Minier et al. 2000) . Our data are the first report of MDR induction at the transcriptional level in molluscs. However, it should be pointed out that the increase of MDR transcript observed in September was not statistically significant in March, showing that this response may be influenced by the season.
In summary, HSF is known to activate the transcription of HSP, MT and MDR genes. Protein interactions were previously reported between p53 and MDR1 (Li et al. 1997) or p53 and Hsp70 (Fourie et al. 1997; Sturzbecher et al. 1987) . All these observations suggest that the different cellular functions involved in the response to thermal stress (chaperone proteins, oxidative stress, detoxification of organic compounds and cell cycle regulation) are closely interconnected.
In response to acute heat stress, Pacific oysters exhibited different results in March and in September in terms of both magnitude and kinetics. The increase in the mRNA level of the studied genes, presented in Figs. 2 and 3, was much higher in September than in March. Conversely, it must be pointed out that the magnitude of the temperature shift was greater in March (from 7°C to 37°C) than in September (from 18°C to 37°C). Thus, the mRNA levels did not correlate with the magnitude of the change in seawater temperature, and there was definitely a seasonal effect on the experiment. The recovery from heat stress was also different. In September, mRNA levels returned to control values 48 h after stress, while in March, mRNA levels were still elevated 48 h after the heat shock. In the environment, because of natural seasonal variations, higher levels of mRNA encoding the studied genes were observed in oysters collected in March-April, compared to September (Farcy et al. 2007 ). Higher HSP70 protein concentrations were also observed in horse mussels during winter compared to summer (Lesser and Kruse 2004) . Our laboratory results reported here showed that the response to heat stress was stronger and quicker in September than in March. In the absence of information on protein concentrations, it is difficult to interpret the significance of these kinetics at the transcriptional level. Nevertheless, the different responses of oysters to heat stress in March and September may be assumed to be related to some adaptation mechanism. In the natural medium, oysters experience higher temperatures and stronger thermal stress in summer than in winter. It was previously shown that a moderate elevation of temperature promotes the induction of members of the HSP gene family, which makes cells more resistant to any further challenge with heat stress (Li and Werb 1982) . This was also investigated in the oyster (Shamseldin et al. 1997; Clegg et al. 1998; Hamdoun et al. 2003) . This thermoresistant status (or acquired thermotolerance as described by Kregel 2002 ) not only protects the cells against heat (Mosser and Martin 1992; Mosser et al. 1997; Gabai et al. 1997 ) but also against many kinds of stress such as chemotherapeutic agents (Samali and Cotter 1996; Jaattela 1999) , nitric oxide (Bellmann et al. 1996) , UV (Simon et al. 1995) and irradiation (Park et al. 2000; Kang et al. 2002) . The protective effects of HSP against free oxygen radicals are thought to explain their effectiveness against these different sources of cellular stress conditions. Nevertheless, the possible relationship between the different kinetics of HSP mRNA induction in oysters exposed to heat stress and seasonal thermoadaptation deserves further investigation. Moreover, it should be kept in mind that temperature is not the only parameter changing with the seasons and suspected to be responsible for stress in oysters. Other parameters include environmental factors such as trophic conditions, oxygen and nature of sediment (Delaporte et al. 2003; Soletchnik et al. 2005) as well as physiological and genetic factors such as reproduction, oxidative stress and parasitism (Le Roux et al. 2002; Huvet et al. 2004; Costil et al. 2005 ).
In conclusion, our study suggests that quantification of the expression of certain cell stress genes at the transcriptional level may be used to obtain sensitive indicators of oyster environmental stress, at least under acute exposure conditions. However, possible natural seasonal patterns of the transcriptional expression level of these genes may interfere considerably and should be investigated prior to their use in laboratory experiments. Moreover, the question arises of how the observed changes at the transcriptional level quantitatively affect the function of proteins encoded by these genes. Information at the transcriptional level only may be a limitation. Measurements of the amounts as well as the activities of the proteins, with the same specificity and quantitative accuracy as mRNA quantification, should be ideally carried out in parallel. Lastly, the responses at the cellular and molecular levels may correspond to routine, adaptative or detrimental situations for the cells, and their consequences should also be further investigated at the integrated level to determine whether they reflect a harmful effect on the health of individuals and/or populations.
